Introduction
The knowledge of reliable thermodynamic properties of multicomponent systems is of central importance in chemical engineering. Liquid-liquid equilibrium (LLE) is an important thermodynamic phenomenon in a wide range of downstream separations and formulated products.
Nearly 40 years after the publication of the DECHEMA volumes on LLE of Sørensen and Arlt 1 , the correlation and prediction of LLE using models for liquid phase non-idealities still has significant issues 2 .
In addition to model inadequacies -a problem which extensive research efforts have addressedunreliable and conflicting data often prevent conclusions about system and model behavior. Many data exist in the literature and new data appear at a significant rate. To maximize the value of new measurements, methods for data validation are needed 3 . Sørensen and Arlt addressed the issue of erroneous data to some extent. For example, data were excluded from their compilation when the sum of concentrations in a given phase differed significantly from 100 mole per cent.
When a subset of the experimental variables can be calculated from the other experimental variables, a data consistency test becomes possible. For low pressure binary vapor-liquid equilibria (VLE), this has been established for many years because the rigorous Gibbs-Duhem equation can be applied to activity coefficients from TPxy data 4, 5 . However, classical thermodynamics alone offers no method to evaluate the quality of a given set of binary LLE Tx data.
Solid-liquid equilibrium (SLE) data validation was explored by Cunico et al. 6 . They used an expansion of non-ideality about infinite dilution based on fluctuation solution theory (FST). This theory of solutions was first introduced by Kirkwood and Buff in 1951 7 . It was later expanded by O'Connell 8 , to establish a form of the equations equivalent to the Porter model for unsymmetric convention activity coefficients 9, 10 . In the simplest version of the FST-based model for the temperature of binary SLE, a correlation with up to three parameters was employed 6 . These included 2 parameters (a, b) for a temperature dependent expression for Henry's law constants or activity coefficients at infinite dilution, and a parameter (c) for concentration dependence of solute non-ideality relative to infinite dilution. The regression strategy was to fix c at a constant value and estimate only two parameters (a and b) at a time.
Then c was varied until minimum of the objective function for correlating the data was found.
Here we report initial steps for validating the temperature dependence of binary LLE based on similar concepts. We formulate LLE with the unsymmetric convention for normalizing activity coefficients of dilute species. For cases of very dilute phases (mole fractions less than 0.01), there normally need to be only parameters for the temperature dependence of the Henry's law constants of the dilute component in each coexisting phase. At higher concentrations of the dilute component (mole fractions between 0.01 and 0.1), an additional parameter was introduced. Our correlation strategy is like that of Cunico et al. 6 . In addition, uncertainties of parameter estimates as well as of predicted compositions are provided using information related to the covariance matrix of the estimation problem.
Theory
Here we outline the modeling approaches of this paper. Since the treatment of the equilibrium relations may be unfamiliar, we develop the relations in some detail; additional coverage can be found in the books by O'Connell/Haile 9 and Prausnitz, et al. 10 .
Fugacity Expressions
The binary LLE problem consists of solving a set of two equilibrium equations, expressed as follows:
It is common to employ pure component standard state fugacities for the components in both phases α and β. Here we will use different standard states for the components in the phases. Thus, if phase α is rich in component 1 and phase β is rich in component 2, then the phase equilibrium relationships are the following:
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We have omitted the Poynting factor for pressure dependence, in these forms, since pressure is rarely of concern in LLE. These equations are to be solved for two of the three variables: 1 1 T ,x ,x  
. Introducing
Henry's law constants,
and taking logarithms gives:
Gibbs/Duhem equation. These relations are also used for phase  where the component identities are switched.
The infinite dilution activity coefficient is a function only of temperature. Seeking simplicity, we follow the approach of Cunico 6 and model it with 2 parameters per phase, a and b, using the form
For cases of very dilute phases (0.01 > x i ) the composition effect can be ignored ( 1
compositions (0.01 < x i < 0.10) the non-ideality should be small, so the expansion of eq. (7) can be truncated to one term ( The modeling expressions are thus:
The final equilibrium relations for correlation LLE in dilute phases are:
The total number of parameters in here is six. The method will be to estimate the significant parameters and then solve equation (15) 
Parameter/Property Connections
Properties with a straightforward connection to the model parameters are the first composition derivative of the natural logarithm of the activity coefficient
, which can be connected to the cparameter expression in the model by:
Values of the parameter b can also be estimated using COSMO-SAC. It is proportional to the first temperature derivative of an infinite dilution activity coefficient, i.e. the partial molar excess enthalpy at infinite dilution, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
These relationships are only used to formulate initial guesses for parameters using predictive models.
Using (b, c) values from auxiliary data in the unsymmetric model formulation has not been examined extensively, but will be addressed more completely in the Discussion section,
COSMO-SAC
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Methodology
The following steps are involved in data correlation using the model described above as summarized in Fig. 1 .
Graphical analysis of experimental data
For binary LLE, experimental data are usually binodal compositions in one or both phases (e.g. expressed most often in mole fractions) as a function of temperature. If the component is nearly pure in one phase and dilute in the other phase, equation (15) reduces to
With this approximation, ln will be a linear function of inverse temperature; this is often found in practice, even at moderate mole fractions. An example is shown in Fig. 2 , where toluene/water data 13 for the dilute components have been fitted to estimate the (a,b) parameters (in both phases)
The values obtained in this way provide initial estimates for further regressions. 
Regression of a
The 
Since the precise optimal c-values also cannot be determined with the scale of this plot, zooming closer ( Fig. 3c ) finally shows the optimum parameters are about concentrations, the influence of c is not very strong, and its impact on the objective function is small. This is also the basis for our method of determining c (Fig. 1) . When the contribution from the nonideality term is not significant, or c has unphysical values, parameter c should not be used.
Model uncertainty analysis
In order to calculate 95% confidence intervals of estimated parameters, the covariance matrix COV( ) of the parameter estimates is used 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Here sse is the value of the objective function. The degrees of freedom calculated as the difference between the number of experimental data points and number of estimated parameters is identified as df, while J is the Jacobian matrix (or local sensitivity matrix). The confidence interval of the parameters vector at significance level is given as:
is the t-distribution value corresponding to the /2 percentile with df degrees of freedom. The pairwise correlation between parameters is given as follows:
To estimate the uncertainty of predicted compositions expressed in mole fractions by the model, the covariance matrix of the parameters, as well as the sensitivity matrix of the model, are used. To calculate 95% confidence intervals of the predicted compositions the following equation is used: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
Results for Three Classes of Systems
Three types of systems have been chosen for testing this model with experimental data. Except for systems of hydrocarbons and water, all data were taken from a single work. In case of hydrocarbons plus water systems, data were taken from different research groups, mainly from the compilations of data of Mączyński and Shaw 15, 16, 17 who distinguished among reliable, tentative and doubtful data. Here only data marked as recommended and tentative were used.
Hydrocarbon + water systems
The first examples consist of systems with very wide miscibility gaps. Such LLE phase diagrams appear for water and a non-polar organic compound with a long alkyl chain such as hydrocarbons. Since this case deals with very dilute phases (mole fractions less than 0.01) we may expect that there will be two parameters per coexisting phase (4 in total), though we do regress with six parameters. Our examples in this category cover toluene + water 13 and n-alkanes (C 5 -C 8 ) + water 15, 16, 17 .
Optimized parameters along with their uncertainty calculated using equation (26) for all systems are shown in Table 1 (row 1-5). We follow the strategy of Simultaneous regression of all six parameters was also done for each system. A set of values are listed in Table 7 for the toluene, n-hexane and n-heptane systems. It turns out that both c parameters have very wide confidence intervals indicating again that composition effects play an insignificant role, and 
Ionic liquids + water systems
Systems with ionic liquids (ILs) have received much attention in recent years, especially those with water where there may be significant miscibility [18] [19] [20] [21] . (Table 7 ). It turns out that both c parameters have non-zero values and quite wide confidence intervals, though smaller than for the hydrocarbon systems. This confirms that the nonideality term has more effect here than in the hydrocarbon systems, but it is still not very significant.
Hydrocarbon + nitroethane systems
The case studies above had at least one of the phases being dilute. Systems with relatively wide miscibility gap and strong dependence of temperature and composition are now considered. Four systems containing nitroethane plus an alkane (n-hexane; n-octane; 2,2,4-trimethylpentane; n-decane) 22 were selected. As seen from upper critical solution temperature, it will not produce non-classical behavior near the critical region. We have not tested whether the assumed temperature dependence will be reliable with the current formulation. Thus, since the model is limited in its development to non-critical situations, the 2-4 points at the highest temperatures were excluded from the analysis.
In the n-alkanes + water systems the b-value is near 4000 in three alkanes, but is 5514.3 in n-pentane. b parameters obtained for nitroethane are similar (near 6000) in the three shorter alkanes, but not in ndecane. This may be useful to discriminate cases, as we will discuss later. COSMO-SAC predicted negative c parameters for all systems, but the fitted c values had negative signs only in the β phase (rich in nitroethane). The contour plots shows that the objective function minimum is located away from (0,0) and most data points are within the 95% confidence interval (Fig. 8) . Independent regression for all six parameters was also conducted for all n-alkane systems ( Table 7) . The nonideality term has more effect than in the hydrocarbon systems and it is slightly more significant than for the aqueous ionic liquids system.
Comparison of Unsymmetric model with NRTL
The performance of the unsymmetric model for LLE correlation can be compared to the NRTL model 23 on the following form were quite explicit about the inadequacy of the temperature dependence of the NRTL model with temperature independent parameters. In fact, they tabulated different NRTL parameters at different temperatures. Here we will use temperature dependent parameters: 4 ], n-octane + nitroethane and n-hexane + water are shown in Fig. 9 . Table 4 compares results obtained with both methods. As can be seen there are cases where the models are very similar in AARD (less than 1.5 % difference), and cases where one or the other model produces the lower value, with a tendency to better overall performance of NRTL. Also, the prediction intervals are similar for the two methods.
We have chosen to seek simplicity in the formulation of the temperature dependence of infinite dilution activity coefficients. Analysis of the infinite dilution expressions of NRTL and the unsymmetric model,
show that the NRTL form with temperature dependent parameters has both the zero order and inverse temperature terms that the unsymmetric model has as well as terms with exponential functions. Thus, NRTL has more terms. However, the NRTL form must use the same parameters in both phases, so it is not obvious which model will provide the better fit. At this point NRTL does perform well for most cases investigated.
A deeper analysis if this issue would involve simultaneous incorporation of temperature derivatives, such as partial molar excess enthalpies and heat capacities (at infinite dilution) for the respective phases. The current FST form gives a partial molar heat capacity at infinite dilution of zero, whereas NRTL allows it to be non-zero, though there is no guarantee that the NRTL will be closer to the experimental excess partial molar heat capacity than our value of zero.
One important point of difference between the two models is that, parameters in the unsymmetric model are related to other thermodynamic properties, i.e. their values can be compared to measured data and/or 26 , 27 . The mixtures covered are mostly mixtures of organic species -with and without LLE, including data on water/toluene and nitroalkane/nalkanes. Fig. 10 shows the results where data are in the range from -5 to 25 kJ/mol. The sign is correct in the majority of cases and only a few of the discrepancies are larger than three kJ/mol.
FST gives solution non-ideality as a MacLaurin 8 series in mole fraction. The c parameter is proportional to the infinite dilution derivative of the activity coefficient, The behavior of these derivatives has been reported [28] [29] [30] [31] [32] . COSMO-SAC can also be evaluated for this
property. Note that all values of the derivative must be negative for thermodynamic stability. Table 5 compares predicted COSMO-SAC values with those derived from parameters regressed to VLE with the Wilson equation, NRTL and modified Margules models. The three excess Gibbs energy models were chosen, because descriptions of the derivatives can differ in their reliability 28 . Here, the same negative signs and similar magnitudes demonstrates the variability in fitting VLE data with such models. The differences for the COSMO-SAC model are considerable, though often the sign is correct and some magnitudes are similar. The data in Table 5 are obtained from fits to VLE data, so the derivatives for LLE systems are expected to be much larger than those in Table 5 . Thus, while employing COSMO-SAC for selecting initial guesses might be satisfactory, it is unlikely that the method can provide reliable final results.
It would be expected that the parameters in the present model would show systematic variations with molecular structure. In fact, group contribution methods suggest that b values in such systems should be identical 33 . Trends in calorimetric data 34, 35 confirm this expectation. Thus, our regressed b values for water or nitroethane in a series of hydrocarbons should be quite similar. However, within the ranges of uncertainty, the b values are not identical, neither for water nor for nitroethane. If one trusts the result of group contribution analysis that any solute has the same partial molar excess enthalpy in all alkanes, then one conclusion could be that the data sets are inconsistent with this idea and should be suspect.
Alternatively, the temperature dependence of the present model could be inadequate to represent the partial molar excess enthalpies of the data. The current form of the model implies that the partial molar excess enthalpy at infinite dilution for any solute/solvent pair is a constant, independent of temperature.
Data on partial molar excess enthalpies and partial molar heat capacities at infinite dilution are however not temperature-independent 36 . The impact of these effects requires more studies of accurate data on these properties. (Table 6 ). On the other hand, for the aqueous ionic liquids, the COSMO SAC predicts negative values, not positive as from regression, indicating that the method can be unreliable.
Reliable models must be developed to validate LLE data, including degree of accuracy, identifying outliers, making connections to other properties, and discerning systematic errors. We have been seeking simplicity in this work, but we have found that the temperature dependence of infinite dilution properties is not in all cases as good as that of NRTL, though it is also not always correct, but a sufficiently reliable temperature dependence has not yet been found. Thus, further studies are needed.
Our form of FST is not directly applicable to multicomponent systems, though rigorous extensions are possible. The form of the application will depend upon the kind of multicomponent system.
Multicomponent liquid-liquid systems differ from those of the present manuscript (which essentially deals with temperature variation), since temperature is often unchanging. Again, further data-based study is required.
Conclusions
A model has been constructed and tested for the correlation of binary LLE data over ranges of temperature. At least four parameters are needed, which is similar to current models. Depending upon the relative solubilities, additional parameters can be needed. A procedure has been given for parameter estimation, including initial guesses from graphical representation of data and from COSMO-SAC estimates, and for uncertainty analysis of the parameters and estimated mole fractions from the regressions. Three types of systems, covering different ranges of solubility and temperature have been examined. suggest systematic variations with structure that could be exploited in data validation.
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